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InfertilityThe X and Y chromosomes, the sex chromosomes, are important key players in germ cell development. Both
chromosomes contain genes that are uniquely expressed in male spermatogenesis. Furthermore, these chromo-
somes are special because men only have a single copy of them. These features make the sex chromosomes in-
teresting for studying in view of spermatogenesis defects. The role of the Y chromosome, together with the
presence of Yq microdeletions, in male infertility is well established. Less well-understood are the X-linked
genes, their expression patterns and potential impact on male infertility. This review provides an overview of
the current knowledge on potential spermatogenesis genes that are located on themouse and human X chromo-
somes. A summary is given on knock-out mice models in which X-linked genes have been shown to alter sper-
matogenesis, and on genes that have been studied in humans. Finally, new research areas like miRNA analysis,
GenomeWide Association Studies (GWAS) and array comparative genomic hybridisation (CGH) studies are dis-
cussed. This article is part of a Special Issue entitled: Molecular Genetics of Human Reproductive Failure.
© 2012 Elsevier B.V. All rights reserved.1. Introduction — why study the X chromosome?
The X and Y chromosomes, the sex chromosomes, are special
since men only have a single copy of these chromosomes.
Women, on the other hand, have two copies of the X chromosome
and lack the Y chromosome. These sex chromosomes are derived
from an autosomal chromosome pair 300 myr ago [1]. While the
Y chromosome decreased to ~one third the size of the X chromo-
some, the X chromosome remained more or less stable in size.
However, the gene content of the X chromosome has changed
largely. Under various selection processes, the sex chromosomes
have obtained their current content. It is well known that both
sex chromosomes play a pivotal role in sex determination. The
major functions of the Y chromosome are related to sex determina-
tion and spermatogenesis. Mutations of, or alterations in the SRY
gene on the short arm of the Y chromosome lead (in most cases)
to sex reversal [2]. The long arm of the Y chromosome is involved
in male infertility: deletions of one or more azoospermia factor
(AZF) regions lead to spermatogenic failure.
Abnormalities in/of X linked genes are causing amuchwider range
of diseases/syndromes. The X chromosome is enriched for genes
expressed in brain, skeletal muscle, and as explained later, in sex-
and reproduction-related tissues [3]. Therefore, it is not surprisinglar Genetics of Human Repro-
Universitair Ziekenhuis Brussel,
49149; fax: +32 2 4776860.
uffs).
l rights reserved.that the X chromosome is associated with syndromes involving men-
tal retardation or muscle disorders.
Typically, X-linked disorders are more common in men. One of the
most common X-linked recessive disorders, is congenital color blind-
ness, affecting ~8% ofmales, but only 0.5% of females [4]. The increased
frequency of recessive disorders in males is caused by hemizygous ex-
posure: men only have a single copy of the X chromosome, and there-
fore compensation by a second, normal allele is not possible.
Keeping in mind the hemizygous presence of the X chromosome
in men, it is also interesting to study this chromosome in view of
male infertility. Changes in X-linked spermatogenesis genes can be
passed on through women for several generations: the “effect” or
phenotype will only become visible in males. Since infertility is affect-
ing 10–15% of couples, and a male factor is responsible for about half
of the cases, it is worthwhile to study the origin of male infertility. For
infertile men producing a few spermatozoa, intracytoplasmic sperm
injection (ICSI) with the patient's own sperm might be a solution to
overcome the fertility problems. In many cases where genetic causes
of infertility would be selected out naturally, the introduction of arti-
ﬁcial reproductive technologies such as ICSI might circumvent this
natural selection, and consequently genetic alterations might be
transmitted to subsequent generations. Therefore it is important to
identify genetic causes of male infertility for both diagnostic purposes
and genetic counseling.
2. Testicular genes on the X chromosome
There has been, and still is, much debate on the gene content of the
X chromosome.While some authors claim that the X chromosome has
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mosome is rather enriched for spermatogenesis genes. The gain/loss
of male-speciﬁc genes can be explained by different evolutionary
strategies.
Evolutionary selection processes that are leading to demasculinization
of the X chromosome (i.e. causing a decrease in the number of spermato-
genesis genes on theX chromosome) include the sexual antagonismdriv-
en X inactivation (SAXI) hypothesis and meiotic sex chromosome
inactivation (MSCI). MSCI, also referred to as meiotic silencing of
unsynapsed chromatin (MSUC), is a process through which the X chro-
mosome is inactivated duringmalemeiosis. The process behind this inac-
tivation is not well understood. MSCI is different from X chromosome
inactivation (lyonization) inwomen bywhich one of the X chromosomes
is inactivated, and is independent of the XIST gene. Due to the MSCI, the
majority of genes on the X chromosome are repressed from meiosis on-
wards. This makes the X chromosome an unlikely place for meiotic and
post-meiotic genes. As a consequence, part of the genes involved in
meiosis has changed their location by retroposition from the X to an auto-
somal chromosome [5]. The SAXI hypothesis suggests that sexual antago-
nism is determining the chromosomal localization of genes: since the X
chromosome is present twice as much in females, X-linked mutations
that are of beneﬁt to females are much more likely to accumulate, even
if they are deleterious for men.
In contrast to the SAXI theory, the hemizygous exposure theory
predicts an accumulation of spermatogenesis genes on the X chromo-
some. This theory suggests that recessive mutations with a positive or
beneﬁcial effect for men will accumulate on the X chromosome. Men
have only one copy of the X chromosome, and therefore the beneﬁcial
effect will immediately become visible. For women, two mutations
would then be necessary in order to be beneﬁcial. If deleterious for
women, these effects would initially be masked since two mutations
need to be present in women in order to have a negative effect. This
would lead to masculinization of the X chromosome. This theory is
also referred to as Rice's hypothesis [6].
The origin of the different theories concerning the gene content of
the X chromosome is a result of the selection of the species under
examination and the gene pool studied. Experimental data in mice
suggested that testis-enriched genes are 2.5 times less dense on the X
chromosome compared to autosomal chromosomes [7]. These authors
further examined Spo11−/− testes that show an arrest at meiosis [7].
Therefore, post-meiotic cells are depleted, and premeiotic cells are rel-
atively enriched. This experiment showed that testis genes are enriched
on the X chromosome, conﬁrming that especially pre-meiotic genes are
present on the X chromosome. Similarly, these authors analyzed 15 day
old mice, a time where the ﬁrst wave of spermatogenesis reaches mei-
osis. This study conﬁrmed the enrichment of pre-meiotic genes on the X
chromosome. AlsoWang et al. suggested that among the spermatogoni-
al genes, the X-linked genes are far more abundant [8]. They identiﬁed
nine new genes that are expressed in spermatogonia (Table 1). In Dro-
sophila melanogaster and Caenorhabditis elegans, however, male-biased
genes are underrepresented on the X chromosome [9,10]. Sturgill et
al. showed that, besides post-meiotic cells, also genes expressed in mi-
totic germ cells andmale-biased somatic testes are depleted from the X
chromosome [11]. Presumably, the difference in the gene content of the
X chromosome might be explained by differences in the impact of dif-
ferent evolutionary selection processes.
Another way of deﬁning the gene content of the X chromosome is
to look at the age of genes. Zhang et al. noticed that young (i.e.
primate-speciﬁc) genes are enriched on the X chromosome in con-
trast to ‘older’ male-biased genes [12]. Interestingly, these young
genes are detected throughout all stages of spermatogenesis, indicat-
ing that they escape MSCI. It was estimated that 70% of these genes
are expressed in post-meiotic stages [12]. The majority of these
genes, however, are multi-copy genes. In another study, it has been
suggested that the more copies of a gene, the higher the chance to
escape from X inactivation [13]. Warburton et al. proposed that thepresence of inverted repeats on the X chromosome could protect
genes in these regions from X inactivation [14]. The X chromosome
carries 24 of these repeats, containing a large part of the cancer-testis
(CT) genes [13]. These genes are in normal conditions only expressed
in testis, but are also detected in multiple cancers (Table 2).
Based on these ‘characteristics’, the genes on the X chromosome
can be subdivided into two major groups: single copy and multicopy
genes (Table 1 and Table 2). One further group of genes that we will
consider here are X-linked genes with a homologue on the Y chromo-
some (Table 4).
3. Differences between mice and humans
From Tables 1 and 2, it is obvious that especially for multicopy
genes, large differences are observed between mice and humans.
This can probably be explained by the fact that these genes arose
late in evolution and are presumably still actively changing. Further-
more, part of the human ‘single’ copy genes is present in multiple
copies in mice and vice versa (Table 2). Gmcl1 and Zfp161-rs1 are lo-
cated on the X chromosome in mice, but are autosomal in humans.
The Tsga8 gene is a testis-speciﬁc gene expressed in post-meiotic
germ cells. This gene is present only in mice, although a potential ho-
mologue was found in rat [15,16]. It has been shown, however, that
this gene is evolving rapidly, even within different mouse subspecies.
It should be noted that the list of CT genes is increasing rapidly, and
that probably not all CT genes are listed in Table 2. Presumably, the
number of genes having different copy numbers in human and
mouse will also increase as more genomic research will be performed.
For part of these genes, a more speciﬁc function in spermatogene-
sis or a role in male infertility has already been reported. These results
are described in the next paragraphs. We focus on X-linked genes that
are uniquely or preferentially expressed in testicular tissues.
4. X-linked testis-speciﬁc or testis-enriched genes studied by
generating knock-out mice (Tables 1 and 2)
4.1. AKAP4
The mouse Akap82 gene (later renamed Akap4 — A kinase anchor
protein 4) was ﬁrst identiﬁed by Carrera et al. [17]. This gene belongs
to a family of A kinase anchor proteins. These proteins are tethering
protein kinase A to subcellular locations and are crucial for tyrosine
phosphorylation, which is essential for sperm capacitation. Miki
et al. disrupted the Akap4 protein in mice [18]. They noticed that
the sperm production was normal in terms of the number of sperm
cells produced. However, the ﬁbrous sheath was not completely de-
veloped and the ﬂagellum was shortened. Consequently, these sper-
matozoa were immotile and the mice were infertile.
4.2. NXF2
The nuclear export factor 2 gene belongs to a family of proteins in-
volved in the export of RNA from the nucleus to the cytoplasm [19]. In
mice, four Nxf genes are present (Nxf1, Nxf2, Nxf3 and Nxf7) of which
the latter three are located on the X chromosome [20]. The Nxf2 gene
was ﬁrst thought to be testis-speciﬁc, after which Tan et al. suggested
that its major site of expression was brain tissue (althoughmRNAwas
detected in testis and brain) [21]. Lai et al. described the expression of
mouse NXF2 proteins in brain and testis [22]. Recently, Zhou et al.
conﬁrmed this expression pattern [23]. The impact of the expression
in both tissues remained uncertain until Pan et al. examined Nxf2−/−
and Nxf2−/Y mice [24]. They noticed that all mice developed grossly
normal and that part of the male mice were infertile. The observed
fertility problems were very heterogeneous and were partly depen-
dent on the genetic background of the mice. Inbred (C57BL/6J) mice
were infertile with reduced semen parameters and impaired motility.
Table 1
Single copy X-linked genes speciﬁcally expressed in testis, or enriched in testis.
Human gene Human
region
Human expression Mouse gene Mouse
region
Mouse
expression
Function References
Genes with homologues in human and mouse
AKAP4/AKAP82 Xp11.2 Testis, tumor cell lines Akap4 A1.1 Testis Sperm ﬁbrous sheath protein [18,32,33]
ARPT1/ACTRT1 Xq25 Testis Arp-T1 A3.1 Testis Cytoskeletal calyx of the
mammalian sperm head
[65]
CPXCR1 Xq21.3 Testis, tumor cell lines
+multiple fetal tissues
Cpxcr1 E1 Testis NDY [66,67]
DMRT8 Xq13 Multiple tissues Dmrtc1a/
Dmrt8.1
D Testis Transcription factor
DMRT8 Xq13 Multiple tissues Dmrtc1b/
Dmrt8.2
D, 12
copies
Testis Transcription factor [68]
ESX1L/ESR1 Xq22.1 Testis, placenta Esx1 F1 Testis, placenta Homeobox gene, transcription factor [69]
FATE1 Xq28 Testis, tumor cell lines Fate1 A7.3 NA Testicular differentiation/germ cell
development
[37,38]
FMR1NB Xq27.3-
q28
Testis, tumor cell lines Fmr1nb A7.1 Testis, brain NDY [67]
LUZP4 Xq23 Testis, tumor cell lines Luzp4 F3 NDY NDY [70]
NUDT10 Xp11.23 Brain, liver+multiple tissues Nudt10 A1.1 Liver, kidney,
testis
Diphosphoinositol
polyphosphate phosphohydrolase
[71–73]
NUDT11 Xp11.23 Testis, brain, pancreas Nudt11 A1.1 Brain Diphosphoinositol polyphosphate
phosphohydrolase
[71–73]
PABPC1L2A/B Xq13.2 Ovary, prostate, brain, kidney
(Unigene)
Pabpc1l2a/b D/2
copies
Testis NDY [13]
PAK3 Xq23 Testis, brain, lung Pak3 Testis, brain,
kidney
Cell migration, differentiation, or
survival
[74,75]
RHOXF1 Xq24 Testis, ovary, epididymis, tumor
cell lines
PEPP (Rhox)
subfamily
Several Ovary, testis Homeobox gene, transcription factor [76,77]
RHOXF2 Xq24 Testis, tumor cell lines PEPP (Rhox)
subfamily
Several Ovary, testis Homeobox gene, transcription factor [76]
TAF7L Xq22.1 Testis, tumor cell lines Taf7l E3 Testis Transcription factor [8,25,26,43,44]
TEX11 Xq13.1 Testis Tex11 (Zip4h) C3 Ovary, testis Meiotic recombination [8,28]
TEX13A and
TEX13B
Xq22.3 Not expressed Tex13 F1 Testis NDY [8]
TGIF2LX Xq21.3 Testis Tgif2lx1/Tex1 2 copies/
E1
Testis Transcription factor [78]
TKTL1/TKR Xq28 Testis Tktl1 A7.3 Multiple tissues,
tumor cell lines
Thiamine dependent enzyme [8,79]
USP26 Xq26.2 Testis Usp26 A5 Testis Deubiquitination [8,45–49]
Genes present only in human
cXorf61 Xq23 Testis, tumor cell lines – – – NDY [53]
DDX53/CAGE Xp22.11 Testis, tumor cell lines – – – NDY [80]
GLUD2 Xq25 Testis, brain – – – Metabolism of glutamate [81–83]
H2BFWT Xq22.2 Testis – – – Testis-speciﬁc histone variant [39]
MYCL2 Xq22-23 Testis, tumor cell lines – – – NDY (proto-oncogene) [84]
PASD1 Xq28 Testis, tumor cell lines – – – NDY [85]
SAGE1 Xq26 Testis, tumor cell lines – – – NDY [86]
Genes present only in mice
– – – Tex16 E1 Testis NDY [8]
– – – Tsga8/Halap-X C1 Testis Chromatin condensation [15,16]
– – – Tsx D Testis NDY [87,88]
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was decreased, causing germ cell loss in aged mice.
4.3. NXF3
The NXF3 gene is also part of the nuclear export factor family.
Zhou et al. examined its expression in testicular tissues and found
that the NXF3 protein is expressed in Sertoli cells [23]. The generation
of Nxf3−/Y and Nxf3−/− mice showed that these mice were grossly
healthy and fertile, even on a mixed genetic background. Consequent-
ly, this study showed that the Nxf3 gene is not essential for spermato-
genesis, at least in mice.
4.4. TAF7L
The TATA box binding protein associated factor 7 like was ﬁrst
identiﬁed by Wang et al. [8]. This gene has an autosomal homologue:
Taf7, which is ubiquitously expressed. Unexpectedly in view of Xinactivation during meiosis, it was shown that the TAF7L protein is
expressed in the cytoplasm before meiosis and in the nucleus in
post-meiotic cells [25]. Taking into consideration the function of the
protein as a transcription factor, it is expected that the function of
the TAF7L protein will be post-meiotic. The autosomal TAF7 protein,
on the other hand, is expressed in the nucleus of pre-meiotic cells
[25]. It is thus likely that the function of TAF7 is replaced by TAF7L
frommeiosis onwards. Cheng et al. generated Taf7l−/Y mice to further
examine the function and relevance of the TAF7L protein [26]. They
noticed that all mice were healthy and female mice were fertile.
Male mice, however, showed decreased sperm production with ab-
normally shaped and immotile sperm cells [26].
4.5. TEX11
The testis expressed 11 gene is another gene isolated in 2001 from
mice spermatogonia [8]. The authors noticed that the Tex11 gene
is mainly expressed before meiosis, although transcripts remain
Table 2
Multicopy X-linked genes speciﬁcally expressed in testis, or enriched in testis.
Human gene Human region Human expression Mouse gene Mouse region Mouse
expression
Function
Genes with homologues in the human and mouse
FTHL17 Xp21, 4 copies Testis, tumor cell lines Fthl17 A1.1/6 copies Testis Iron metabolism [8,13,65,89]
GMCL1L 5q35.3 NDY Gmcl1l ~21 copies/A1.1 Testis NDY [13]
H2AFB1 Xq28, 3 copies Testis/sperm H2A.Bbd E2/4 copies Testis/sperm Histone [90]
MAGE family >24 copies Testis, tumor cell lines Mage >16 copies Testis, tumor
cell lines
Cell cycle regulation
NXF 4 copies Testis, brain, tumor
cell lines
Nxf 2 copies Testis, brain Nuclear export [8,21–24]
PRAME 22q11.22 Testis, tumor cell lines Pramel3 9 copies/F1 Testis Cell death [8,91]
SPANX genes 9/11 copies Testis, prostate, placenta,
lung, tumor cell lines
Spanx A6 Testis NDY [92,93]
SSX family Xp11.2/>10 copies Testis, tumor cell lines Ssxa+SSXb
family
13 copies Testis NDY [13,94]
ZFP161 18p11.21 Multiple tissues Zfp161-rs1 2 copies Testis Zinc ﬁnger protein;
transcriptional repressor
[13,95]
ZXDa/b Xp11.1/Xp11.21 Multiple tissues Zxda/b 2 copies/C3 Testis Zinc ﬁnger protein [13,96]
Genes present only in humans
CSAG Xq28/4 copies Testis, tumor cell lines – – – NDY [67]
CT45 Xq26.3/6 copies Testis, tumor cell lines – – – NDY [97,98]
CT47 Xq24/>13 copies Testis, low in placenta
and brain, tumor cell lines
– – – NDY [98,99]
CTAG/NY-ESO-
1
3 copies Testis, ovary,
tumor cell lines
– – – NDY [100]
CXorf48 Xq26.3/3 copies Testis, tumor cell lines – – – NDY [67]
FAM9 Xp22/3 copies Testis, tumor cell lines – – – Homologuos to SYCP3 [101]
FAM47B/C Xp21.1/2 copies Testis, tumor cell lines – – – NDY [12]
GAGE family Xp11.2-11.4, 13–39
copies
Testis, tumor cell lines – – – Differentiation and survival
of germ cells
[102,103]
PAGE family Xp11.23/7 copies Testis, tumor cell lines – – – NDY [67]
VCX Xp22.3/4 copies Testis – – – Ribosome assembly [102,104]
XAGE family Xp11.21-Xp11.22/14
copies
Testis, tumor cell lines – – – NDY [105]
Genes present only in mice
– – – Cypt 7 copies Testis Remodeling of
spermatid nucleus
[106]
– – – Ott genes ~12 copies/F1-
F3
Testis, ovary Meiosis [107]
– – – Slx/Xmr >25 copies Testis Meiosis, homologuos to
SYCP3
[13,108,109]
– – – Srsx ~14 copies Testis NDY [13]
– – – Sstx 3 copies Testis NDY [13]
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MSCI [27]. Two consequent studies have examined the role of the
Tex11 gene during meiosis by examining the expression pattern of
the TEX11 protein and by generating knock-out mice [28,29]. The
conclusions on the function of the TEX11 protein were consistent:
the Tex11 gene is essential for the formation of crossovers during
meiosis. However, both studies came to different conclusions con-
cerning the phenotype of the Tex11−/Y mice. Yang et al. concluded
that male mice were infertile due to a meiotic arrest [29]. Although
female Tex11−/−mice were fertile, the litter sizes were reduced. Sim-
ilar results were also observed for autosomal genes (for instance
Sycp3: [30,31]). Adelman and Petrini, on the other hand, concluded
that both female and male knock-out mice were fertile with the pro-
duction of normal litter sizes [28].
5. Mutation analyses in human X-linked genes with a testis-speciﬁc
or testis-enriched expression pattern (Tables 1, 2 and 3)
5.1. AKAP4
Based on the observations by Miki et al. multiple studies in humans
have been performed to identify defects in the human protein/gene
[18]. Turner et al. have looked at the AKAP4 protein in nine patients
with ﬁbrous sheath dysplasia and one patient with stump sperm tails[32,33]. For both patient groups, nodifferenceswere observed in the ex-
pression, location or function of the AKAP4 proteins compared to nor-
mal controls. The gene was partially sequenced in ﬁve patients with
ﬁbrous sheath dysplasia and the patientwith stump sperm tails. Nomu-
tationswere detected in the region encoding for theAKAP3 binding site.
Bacetti et al. noticed partial deletions in the AKAP3 and AKAP4 genes in
the DNA of a single patient with ﬁbrous sheath dysplasia [34,35]. Visser
et al. examined 30 infertile men for the presence of mutations in nine
genes presumably involved in asthenozoospermia [36]. Among multi-
ple potential disease-causing mutations that were only detected in the
patient group and absent in 90 controls studied, one was located in
AKAP4 (c.887G>A; p. Gly296Asn). Although not located in a functional
domain, the authors concluded that this change might be related to
the infertility problems of the patient.
5.2. FATE1
The FATE1 (fetal and adult expressed 1) genewas found to bemainly
expressed in testicular tissues and to a lesser extent in brain, lung, adre-
nal gland, heart and kidney [37]. The cytoplasmic-expressed protein
was found in spermatogonia and primary spermatocytes, but was ab-
sent in spermatids and spermatozoa. Expression was also observed in
Sertoli cells [38]. It belongs to the family of cancer-testis genes [38].
However, at present only a single copy has been identiﬁed in humans.
Table 3
Overview of alterations with an amino acid change or predicted to have functional con-
sequences observed in infertile patients and control groups.
Nucleotide change Protein change Patients Controls References
AKAP4 887G>A (exon6) G296N 1/30 0/90 [36]
FATE 185T>C I34T 1/144 0/100 [37]
FATE 459C>G S125R 1/144 0/100 [37]
H2BFWT –9C>T – 204/442 77/213 [41]
TAF7L 922A>G S308G 9/41 9/80 [43,44]
TAF7L 1047-
1052GGATGAdel
D350_E351del 4/41 15/80 [43,44]
TAF7L 1371G>A R458H 3/41 1/80 [43,44]
USP26 370_371insACA,
494T>C, 1423C>T
T123_124ins,
L165S, H475Y
51/
1437
87/2445 Reviewed in
[47]
USP26 370_371insACA T123_124ins 2/1091 0/767 [46,110–115]
USP26 370_371insACA,
460G>A
T123_124ins,
V154I
8/791 0/480 [46,110–114]
USP26 370_371insACA,
494T>C
T123_124ins,
L165S
9/1091 2/767 [46,108–115]
USP26 468T>G Q156H 1/791 0/480 [46,108–114]
USP26 494T>C L165S 40/1091 36/767 [46,108–115]
USP26 508G>A G170R 2/791 0/480 [46,108–114]
USP26 520T>G E174* 1/791 0/480 [46,108–114]
USP26 565T>G E189* 1/791 0/480 [46,108–114]
USP26 1037T>A L346H 1/791 0/480 [46,108–114]
USP26 1044T>A F348L 4/791 2/480 [46,108–114]
USP26 1090C>T L364F 25/1091 21/767 [46,108–115]
USP26 1274C>T P425L 1/791 0/480 [46,108–114]
USP26 1423C>T H475Y 6/1091 4/767 [46,108–114]
USP26 1498G>A E500K 1/791 0/480 [46,108–114]
USP26 1549C>T L517F 0/791 1/480 [46,108–114]
USP26 1609C>G Q537G 1/791 0/480 [46,108–114]
USP26 1737G>A M579I 85/1091 31/767 [46,108–115]
USP26 1976C>T T659M 1/791 0/480 [46,108–114]
USP26 2144A>T N715I 1/791 0/480 [46,108–114]
USP26 2182A>T I128F 1/791 0/480 [46,108–114]
USP26 2195T>C F732S 1/791 0/480 [46,108–114]
USP26 2202A>C K734N 1/791 0/480 [46,108–114]
USP26 2204T>G V735G 1/791 0/480 [46,108–114]
USP26 2239A>T I747F 1/791 0/480 [46,108–114]
USP26 2247A>C E749D 1/791 0/480 [46,108–114]
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[37]. One potential mutation was detected (c.185T>C or p.I34T). A sec-
ond change that was uniquely detected in the patient group (c.459C>G
or p.S125R)was inherited from themother of the patient, whohas a fer-
tile brother with the same (hemizygous) change. This change therefore
does not seem to be involved in male infertility.
5.3. H2BFWT
The H2B histone family, memberW, testis-speciﬁc (H2BFWT) gene
encodes for a testis-speciﬁc histone. This gene is conserved among pri-
mates, but absent in rodents [39]. H2BFWT and the somatic protein
H2B show 43% identity [39]. Boulard et al. showed that H2B and
H2BFWT can be exchanged without changing the overall structure of
the nucleosome [40]. However, the NH2 tail of both proteins is differ-
ent. In the somatic protein, this tail is essential for the assembly of
mitotic chromosomes. Churikov et al. suggested that the H2BFWTpro-
tein is enriched in the telomeric regions of the chromosomes [39]. Lee
et al. identiﬁed a variant in the 5′UTR of the H2BFWT gene that might
be associated with sperm numbers and sperm viability [41]. The au-
thors could also show differences at the translational level.
5.4. NXF2
In humans, six copies of the nuclear export factor gene family are
present of which four genes are located on the X chromosome in the
order Xcen-NXF5-NXF2-NXF4-NXF3-Xqter.
Mutation analysis of the NXF2 gene has been reported in a single
study, but failed to identify mutations related to male infertility[42]. However, in this study only patients with Sertoli cell-only syn-
drome have been examined. As mentioned above, male mouse
models defective for this gene are infertile though the phenotype of
the examined mice is very heterogeneous. Therefore, the human phe-
notype in case of a mutation in the NXF2 gene might be heteroge-
neous as well, and possibly Sertoli cell-only syndrome might not be
linked with mutations in the NXF2 gene in humans.
5.5. TAF7L
Two studies have on the reported molecular analysis of the TAF7L
gene in humans [43,44]. In one of the studies, patients with maturation
arrest of spermatogenesis were analyzed, while the second paper fo-
cused on non-obstructive azoospermic men (including men with a
spermatogenic arrest). The choice of the patient groups was based on
the observed expression pattern (see above): the TAF7L protein
shows a reallocation from the cytoplasm to the nucleus in spermato-
cytes and this process coincides with the absence of expression of the
TAF7 protein. Presumably, the protein function starts from the sper-
matocyte stage onwards. All observed changes were also present in
control groups. Akinloye et al. found that one of the changes
(c.1371G>A, p.R458H) was detected more often in the patient groups
than in the control groups, and therefore suggested that this change
might be a risk factor [44]. However, the expected phenotype might
not be azoospermia but oligozoospermia. This observation is supported
bymice knock-out studies showing oligoasthenoteratozoospermia [26].
5.6. USP26
The Usp26 gene was ﬁrst identiﬁed by Wang et al. in mouse sper-
matogonia [8]. In a more recent study, the speciﬁc localization of the
protein was investigated in mice testicular tissues [45]. The authors no-
ticed that the USP26 protein is present at the blood-testis barrier. It is
also present in the acrosomes of round spermatids and spermatozoa,
in the region where the sperm cells are attached to the Sertoli cells.
Multiple variations in the human USP26 gene have been reported
of which three changes have been investigated more intensively:
c.370_371insACA, c.494T>C, c.1423C>T. This cluster of changes has
ﬁrst been reported in 2005, where a link with spermatogenesis de-
fects was suggested [46]. A small meta-analysis performed on eight
publications showed that these changes are probably not involved
in male infertility [47]. Presumably, the frequency of the presence of
this cluster of changes is dependent on the geographic location of
the patients under investigation [48].
Dirac and Bernards (2010) have performed functional analyses of
the USP26 gene [49]. By looking at proteins involved in the regulation
of ubiquitination of the androgen receptor, the USP26 gene was the
most promising gene. Both proteins interact and this causes a change
in the function of the androgen receptor. These authors have investi-
gated the impact of the variants c.494T>C, c.1037T>A, c.1090C>T
and c1423C>T on the transcriptional activity of the androgen recep-
tor. No differences were observed compared to the wild type USP26
protein. Unfortunately, a large number of changes have been detected
in the USP26 gene — including two nonsense mutations — for which
no functional analyses have been performed [Table 3, 47]. Conse-
quently, it remains unsure whether these rare changes might be in-
volved in male infertility by changing the androgen receptor or
potentially by disrupting the blood-testis barrier or through a still un-
known mechanism [45].
6. Genes with a homologue on the Y chromosome
Another group of genes that are interesting to study are genes
with a homologue on the Y chromosome. Besides genes located in
the pseudo-autosomal regions of the X and Y chromosomes, a num-
ber of genes ‘still’ have a homologue on the Y chromosome. The
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[50]). It was suggested that two copies of these genes are essential
for their proper function and consequently that these genes might
play a role in the phenotypical appearance of Turner syndrome. Two
of the genes are only expressed in the testis (VCX and TGIF2LX), and
therefore they are potentially interesting to study in view of sper-
matogenesis defects. The Y-homologues of these genes are located
at positions Yq11.221 and Yp11.2, respectively. Mutation studies
have not been performed neither for the X nor the Y copy. However,
in 2005, a potential role in mental retardation was suggested for the
VCX gene [51]. This study stresses the need to re-investigate the ex-
pression pattern of these genes. It is highly unlikely that a testis-
speciﬁc gene is involved in the etiology of mental retardation.7. Other genes studied in human (GWAS, CNV)
Besides these studies focusing on a single gene or a few genes,
large-scale studies have also been performed to identify genetic cau-
ses of male infertility. Although the main focus of the majority of
these studies was not on the X chromosome, X-linked defects could
also be detected.
Aston and Carrell have performed a ﬁrst genome wide association
study (GWAS) inmale infertility [52]. In this study, 20 single nucleotide
polymorphisms (SNPs) were signiﬁcantly associated with azoospermia
or oligozoospermia. None of these SNPs were located on the X chromo-
some. In a subsequent study, 172 interesting SNPs, including nine on
the X chromosome,were further examined in larger patient and control
groups. These SNPs include polymorphisms in the androgen receptor
(AR), TEX11, USP26 and ZFX. Two SNPs (rs5911500 located in a gene
of unknown function cXorf61 and rs35397110 in USP26) were found
to be signiﬁcantly associated with azoospermia or oligozoospermia.
The cXorf61 gene (also referred to as CT83; KKLC1; KK-LC-1) is probably
a cancer-testis gene [53]. Further research is necessary to examine the
function of this gene and to determine its role in male infertility.
Tüttelmann et al. were the ﬁrst to examine copy number variations
(CNVs) in infertile men [54]. They focused on patients with Sertoli
cell-only syndrome or idiopathic severe oligozoospermia. The authors
noticed signiﬁcantly more X-linked CNVs in patients with Sertoli cell-
only syndrome. The authors detected one duplication in the cXorf48
gene that was detected in two oligozoospermic men and 23 ‘private’
CNVs that were detected in only a single patient. The cXorf48 gene
also belongs to the family of cancer-testis genes [55]. Among the private
X-linked CNVs are several cancer-testis genes.Table 4
X-linked genes with an homologous copy on the human Y chromosome. NA = not assesse
Gene name Human location Mouse location Expression
AMELX Xp22.31–p22.1 F5 Tooth
DDX3X Xp11.3–p11.23 A1.1 Ubiquitous
EIF1AX Xp22.12 F4 Ubiquitous
KDM5C/SMCX Xp11.22–p11.21 F2–F4 Ubiquitous
KDM6A/UTX Xp11.2 A1.2–A1.3 Ubiquitous
NLGN4X Xp22.23 NA Ubiquitous
PCDH11X Xq21.3 E2 Brain
PRKX Xp22.3 A7.3 Kidneys
RBMX Xq26.3 A5 Ubiquitous
RPS4X Xq13.1 D Ubiquitous
SOX3 Xq27.1 A7.3–B Ubiquitous
TBL1X Xp22.3 B-CPRKX Ubiquitous
TGIF2LX Xq21.31 E1 Testis
TMSB4X Xq21.3–q22 F5 Ubiquitous
TSPYL2 Xp11.2 F2 Testis, Brain+others
TXLNG/CXORF15 Xp22.2 F4 NA
USP9X Xp11.4 A1.1 Ubiquitous
VCX Xp22.3/4 copies – Testis
ZFX Xp21.3 D Ubiquitous8. X-linked miRNA and spermatogenesis
Non-coding RNAs are playing an important role in many different
regulatory events [56]. Among the non-coding RNAs, microRNAs
(miRNAs) are presumed to be especially involved in the regulation
at the post-transcriptional level. In the ‘mature’ form these miRNAs
are 21 to 25 nucleotides long. In testicular tissues, several miRNAs
are essential for the progress of spermatogenesis (reviewed in [57]).
In 2007, two studies were published in which the miRNA proﬁle of
murine testis was established [58,59]. In one of these studies, it was
already suggested that a large part of the X-linked miRNAs are highly
expressed in pachytene spermatocytes which are undergoing meiosis
[58]. The same group further examined the X-linked miRNAs. They
could show that around 38% of X-linked miRNAs show a testis-
speciﬁc or testis-enriched expression pattern [60]. A similar ﬁnding
was described by Guo et al. who demonstrated that, at least in mam-
mals, the X chromosome has the highest density of miRNAs and that
these are mostly present in the testis [61]. Song et al. further de-
scribed that 86% of the X-linked miRNAs escape from X inactivation
during meiosis, and that the majority of these are expressed from
meiosis onwards [60]. It was therefore suggested that the miRNAs
might be involved in MSCI and/or might be crucial for the regulation
of gene expression in later stages of spermatogenesis. Guo et al. [61]
suggested that X-linked miRNAs might be involved in cell cycle con-
trol, possibly in the regulation of spermatogonial stem cell renewal
or meiosis. Both studies suggested that X-linked miRNAs might be in-
volved in meiosis. Consequently, it might be interesting to study the
impact of miRNAs in meiosis, and in meiotic arrest. Although most
of the detected miRNAs are well-conserved among different species,
at least one X-linked cluster is evolving rapidly, and its presence is re-
stricted to primates. This cluster containing 10 miRNAs preferentially
expressed in testicular tissues was ﬁrst identiﬁed by Bentwich et al.
and further examined by Zhang et al. [62,63]. Also Guo et al. [61]
could show that, when comparing mouse and human miRNAs,
miRNAs on the X chromosome have a much higher substitution rate
compared to autosomes. So far, no mutations have been detected in
human miRNAs involved in male infertility. In mouse, a few miRNAs
have been investigated in view of infertility. Yet, at present, no X-
linked miRNA has been knocked-out. In an interesting study, Dicer,
an RNase III endonuclease essential for the synthesis of mature
miRNAs, has been selectively knocked-out in spermatogonia [64].
This study showed reduced numbers of post-meiotic germ cells,
along with a high number of apoptotic spermatocytes. This study,
again, showed that miRNAs might be essential to complete meiosis.d; NR = not relevant; for testis-speciﬁc genes, it is impossible to test X-inactivation.
Function Escape X inactivation Reference
Part of enamel NA [116]
RNA helicase Yes [117–119]
Translation initiation Yes [120]
Transcriptional repressor Yes [121]
Demethylation Yes [122]
Cell-adhesion molecule at synapse Yes [123,124]
Cell surface molecule Yes [125]
Serine/threonine kinase Yes [126]
Regulation of splicing No [127]
Ribosomal protein Yes [128]
Transcription factor No [129]
Protein–protein interactions Yes [130,131]
Transcription factor NR [76]
Actin sequestering Yes [132]
No [133,134]
Intracellular vesicle trafﬁcking Yes [135]
Ubiquitin-speciﬁc proteases Yes [136]
Regulation of ribosome assembly NR [108,110]
Transcriptional regulation Yes [137]
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The X chromosome is particularly interesting to study in view of
male infertility ﬁrst of all because of its hemizygous exposure in men,
and secondly because of the presence of a relatively high number of
testis-speciﬁc genes and non-coding RNAs. Due to this hemizygous ex-
posure, the X chromosome is particularly prone to evolutionary selec-
tion processes. As described before, the consequences of these forces
might be advantageous or disadvantageous for men. In humans, it ap-
pears that the X chromosome is (slightly) enriched for male speciﬁc
genes. A further consequence is that the X chromosome is evolving
very quickly, giving rise to new genes or gene family members in
humans. As can be seen from Tables 1 and 2, a lot of differences in the
gene content of the X chromosome from mice and human can be
detected, at least for testis-speciﬁc genes. Moreover, the function of
the majority of the CT genes has not been investigated yet. Possibly,
the copy number of the genes, as well as their function might be differ-
ent in mice and humans. This, again, stresses that extrapolation of data
obtained frommouse studies to humanswill not always be possible (or
might be incorrect).
So far, the number of mutations detected on the X chromosome in
infertile men remains small. This can partly be explained by the low
number of genes that have been studied at present (Table 3). The de-
velopment of new molecular techniques (f.i. next generation se-
quencing) will allow the examination of all X-linked genes in a
single analysis. Consequently, the analysis of X-linked genes in asso-
ciation with male infertility will be less time consuming, and it is
likely that more mutations will be detected. However, at present,
the interpretation will be cumbersome since the function of part of
the genes needs to be determined. Here again, the development of
large scale analysis methods at ‘array format’ (RNA arrays, protein
arrays,…), will enhance the study of these genes. Yet, again, the in-
terpretation of these studies might be difﬁcult and could cause
some biases: part of the ubiquitously expressed genes might only af-
fect spermatogenesis when deleted in knock-out mice models. In
other tissues, the function of the gene could be compensated by al-
ternative genes (‘genetic redundancy’).
Overall, we believe that within the next decade our current under-
standing of the genes on the X chromosome in all its aspects (which
genes, expression patterns, evolutionary aspects,…) will strongly
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